The authors employ data from the NOAA Wind Profiler Network to present a scale-discriminating vorticity budget for a mesoscale convective vortex (MCV) that was generated by a mesoscale convective system (MCS) in Oklahoma and Kansas on 1 August 1996.
Introduction
In this paper we present a vorticity budget for a mesoscale convective vortex (MCV) generated by a mesoscale convective system (MCS) that traversed Kansas and Oklahoma on 1 August 1996. The budget discriminates between sources and sinks of vorticity within the mesoscale wind of the MCS and within the synoptic background wind.
a. Background
MCSs often generate MCVs in the lower and middle troposphere. An MCV's tangential wind speed is of orders 1 and 10 m s Ϫ1 , its diameter of order 100 km, and its lifetime of orders 1 and 10 h. MCVs organize MCSs on the mesoscale (Menard and Fritsch 1989; Brandes 1990 ) and can serve as the primary dynamical link among serial MCSs (Raymond and Jiang 1990; Fritsch et al. 1994; Trier et al. 2000) .
If friction is ignored, vertical vorticity within an MCV must originate from some combination of (a) horizontal advection of absolute vorticity, (b) vertical advection of relative vorticity, (c) convergence of absolute vorticity, (d) tilting of horizontal vorticity by horizontally varying vertical wind, and (e) horizontal baroclinity. This is apparent upon examination of the equation for the local change in relative vertical vorticity of an inviscid fluid on an f plane:
xy ‫ץ‬x ‫ץ‬y
wherein (, , ) is relative vorticity, v(u, ) is horizontal wind, w is vertical wind, f is the Coriolis parameter, and J xy (p, ␣) is the two-dimensional Jacobian of pressure, p, and specific volume, ␣. (Letters assigned to the terms correspond to the enumeration earlier in the paragraph.) Baroclinity is weak near MCVs and can be ignored without losing much accuracy (Skamarock et al. 1994; Cram et al. 2002) . (Henceforth, vorticity
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means relative vertical vorticity, and divergence, convergence, and shear mean horizontal divergence, horizontal convergence, and vertical shear, unless otherwise stated.) In a Lagrangian sense, advections only redistribute vorticity, they do not create it, so analyses of vorticity in MCVs tend to emphasize divergence and tilting, terms (c) and (d) in (1). Contributions from both sources frequently are large (e.g., Brandes 1990; Chong and Bousquet 1999) .
A positive contribution to vorticity can come from convergence in the middle troposphere within the stratiform region of an MCS, where existing planetary and synoptic vorticity can be concentrated (Bartels and Maddox 1991; Johnson and Bartels 1992; Skamarock et al. 1994) . Some of this convergence is due to the atmosphere's balanced response to heating and cooling by phase changes in water within the stratiform region of an MCS (Hertenstein and Schubert 1991) . The strength of this balanced response depends on the Rossby radius of deformation:
wherein N is the Brunt-Väisällä frequency, H is the scale height of the disturbance, is the vertical component of relative vorticity, f is the Coriolis parameter, and V is the wind's rotational component, of which R is radius of curvature (Schubert et al. 1980; Frank 1983) . It is generally appropriate to choose values for N, , f, and V that are averaged over the region diabatically heated by moist convection. In an environment of 100% relative humidity, rising air is heated by condensation as well as cooled by expansion, so N should be replaced by N m , as explained by Durran and Klemp (1982) . When sources of diabatic heating are larger than R , more energy is retained in balanced, vortical flow near an MCS than is transmitted to the far field by gravity waves and buoyancy rolls; the opposite occurs when sources of diabatic heating are smaller than the Rossby radius (Schubert et al. 1980; Mapes 1993 ). An MCS can shrink its local Rossby radius by saturating the stratiform region, which means that a potentially lower-valued N m replaces N, and by generating a vortical circulation, which increases 2VR Ϫ1 (Schubert and Hack 1982; Cotton et al. 1989; Chen and Frank 1993 ).
Tilting's positive contribution can come from horizontally varying vertical motion in an MCS's mesoscale updraft or downdraft that tilts vorticity equated with vertically and horizontally sheared wind (Davis and Weisman 1994) . Shear exists in both the wind of an MCS and the wind of the system's environment, but initial studies of tilted vorticity in MCVs emphasized only environmental shear (e.g., Biggerstaff and Houze 1991) or did not formally differentiate between the two shears (e.g., Brandes 1990; Zhang 1992) . More recent studies demonstrated that vertical shear in MCSs is also an important source of vorticity within MCVs (e.g., Chong and Bousquet 1999; Bousquet and Chong 2000) .
b. Objective and motivation
Most empirical vorticity budgets for MCVs fall into two categories. In the first are studies of vorticity on the scale of an MCS and MCV; these are usually based on Doppler radars and/or research sounding networks (e.g., Biggerstaff and Houze 1991; Johnson and Bartels 1992; Chong and Bousquet 1999) . In the second are larger-scale budgets based on the nation's operational sounding network (e.g., Bartels and Maddox 1991) . Studies in both categories are usually valid only for a few hours or for a single stage of an MCV because of the difficulty of obtaining detailed kinematical data over a substantial fraction of an MCV's lifetime.
Before now, no empirical vorticity budget for an MCV simultaneously investigated circulations within an MCS as well as those within the MCS's larger-scale environment. The MCV of 1 August 1996 presented an opportunity for just such an investigation when the vortex spent the majority of its lifetime within the densest part of the National Oceanic and Atmospheric Administration (NOAA) Wind Profiler Network. In a closely related paper (Knievel and Johnson 2002) , we examined the life cycle and kinematics of the MCS that generated the MCV. Our objective in this paper is to extend that research by presenting for an MCV the first vorticity budget that explicitly comprises terms for sources and sinks of vorticity within an MCS, its environment, and combinations of the two. The budget has the added advantage of encompassing 9 h of the MCV's lifetime.
Data and methods
Observations are from the National Weather Service (NWS), remote sensors operated by NOAA, the 1996 Enhanced Seasonal Observing Period (ESOP-96) of the Global Energy and Water Cycle Experiment's (GEW-EX's) Continental-Scale International Project (GCIP), and the Oklahoma Climatological Survey's Oklahoma Mesonet (Brock et al. 1995) .
The previously published kinematical analysis of the MCS of 1 August 1996 (Knievel and Johnson 2002) provides details about the data and some of our methods, so herein we emphasize only the methods integral to understanding the vorticity budget and related calculations.
a. Objective analyses and bandpass filtering
To produce gridded fields of total wind, u (u, , w), we used a two-pass Barnes analysis (Barnes 1973; Koch et al. 1983 ) on data from the NOAA Wind Profiler Network (NPN; Fig. 1 ). Grid points were 75 km apart, the cutoff radius was 750 km, and the response function was chosen to capture 90% of the signal of phenomena with wavelengths of 300 km, which is twice the average distance between profilers in the densest part of the NPN (total curve in Fig. 2 ). Less than 10% of the signal of phenomena with wavelengths shorter than 85 km was captured, so virtually no coherent convective signal exists in the analyzed data.
To isolate partially the mesoscale kinematics of the MCS from the synoptic kinematics, we employed a second Barnes analysis that, together with the first, acted as a bandpass filter (Maddox 1980) . The synoptic background wind, ũ (ũ, , w ), was approximated with data filtered to include 90% and 0.09% of the signals of phenomena with wavelengths of 1600 and 300 km, respectively (synoptic curve in Fig. 2 ). This is the same filtration that Maddox (1980) used for synoptic features. The mesoscale perturbation in wind, û (û, , ŵ ), was approximated by subtracting the synoptic background wind from the total wind (mesoscale curve in Fig. 2 ). In summary, u(u, , w) ϭ ũ (ũ, , w ) ϩ û (û, , ŵ ).
The bandpass filter did not completely isolate the mesoscale and synoptic winds from each other, especially at scales near where the two response curves cross (Fig.  2) . However, the wavelengths of the MCS and MCV of 1 August 1996 were near the peak of the mesoscale response function, ϳ400 km, where the synoptic part of the filter was quite insensitive.
b. Divergence, vorticity, and vertical velocity
Calculations of divergence and vorticity are from centered finite differences of objectively analyzed fields of u and components of the wind. We found this method sufficiently accurate when tested against line integrals of tangential and normal components of wind calculated around the perimeter of triangles whose vertices were the profilers (Ceselski and Sapp 1975) . Vertical velocity is from the kinematical method with a linear correction to density-weighted divergence (O'Brien 1970) , wherein w ϭ 0 at 1000 m above the tropopause and at 500 m above ground level (AGL).
c. Averages over the stratiform region
Although the NPN provided a much more resolved dataset than would have been available from operationally launched radiosondes alone, missing data still made it impossible to perform detailed hourly analyses at every grid point because large spatial gaps greatly reduced the accuracy of the Barnes analyses at a few individual times. We mitigated this problem by examining objectively analyzed data that were then temporally and spatially averaged over 3 h and a 2Њ ϫ 2Њ area centered on the MCV, whose radius of maximum wind was approximately 0.75Њ-1.50Њ latitude (83-167 km).
Official observations from the NPN for a time t are of wind recorded over the hour ending at t. So, for example, an average of NPN observations from 1000, 1100, and 1200 UTC, such as we calculated, is an average of wind recorded from 0901 to 1200 UTC.
d. Vorticity budget
As mentioned in section 1, for a vorticity budget of wind above the boundary layer and any cold pools, it is reasonable to dismiss baroclinity, represented by the Jacobian in (1). The remaining four terms in (1) were retained for the budget.
For our case, the local derivative on the left side of (1) is for a 2Њ ϫ 2Њ area repositioned every hour so it was centered on the midtropospheric part of the MCV. Mesoscale wind in the middle troposphere was virtually VOLUME 60
the same as a system-relative wind (i.e., wind in a frame of reference that moved with the MCV) because the translational motion of the MCV was due primarily to advection by the background synoptic wind in the middle troposphere, which is common (e.g., Zhang and Fritsch 1988; Johnson and Bartels 1992; Trier et al. 2000) . Over the detectable lifetime of the MCV, zonal and meridional components of the synoptic background wind at the three-dimensional center of the MCV were 7.7 and Ϫ8.1 m s Ϫ1 , respectively. The corresponding components of the MCV's average translational velocity were 7.4 and Ϫ8.1 m s Ϫ1 . Therefore, once the synoptic wind was removed from the total wind, the frame of reference moved in the middle troposphere with the MCV, and the circulation of the mesoscale perturbation in wind within the MCV was approximately closed (Knievel and Johnson 2002) .
We calculated on a grid the vorticity budget for the mesoscale perturbation in wind, for the synoptic background wind, and for the sum of the two, the total wind. This sum is not truly a total wind in that it does not contain fully sampled contributions from subgrid phenomena such as eddies from cumulonimbi. First, the NPN is insufficiently dense to record unaliased observations of such phenomena. Second, filtering by the Barnes routine excluded nearly all sources and sinks of vorticity with wavelengths smaller than 85 km. Yet phenomena this small undoubtedly contributed to temporal changes in vorticity (Weisman and Davis 1998) , and those contributions probably translated to larger scales to which the Barnes routine was sensitive (Esbensen 1993) . Fortunately, eddy fluxes of momentum in MCSs are generally less in stratiform regions than in convective lines (Gallus and Johnson 1992) , and our vorticity budget is limited to the former.
Because of such unresolved sources and sinks of vorticity, the vorticity budget has a residual, which also includes observational errors. When written in terms of the resolved synoptic component [designated by )], (t he resolved mesoscale component [designated by ()], and the residual Z, (1) becomes
We vertically smoothed terms in the budget with a fivepoint, center-weighted running mean. Often the resolved terms on the right side of a budget that is in the form of (3) together nearly cancel the residual, leaving the local tendency as a small difference in this near cancellation (e.g., Reed and Johnson 1974) . Therefore, the magnitude and even the sign of the local tendency, ‫,‪t‬ץ/ץ‬ is very sensitive to errors in the horizontal derivatives that compose the resolved terms. This sensitivity is especially troublesome if one uses the local tendency to predict vorticity. We made no such predictions because observations of vorticity were available every hour for our analysis. Even so, it is valuable to assess how the resolvable part of the local tendency differs when calculated with a budget based on a mathematically simpler form of the vorticity equation than the form on which we based (3).
One such equation, used in vorticity budgets by Davis and Weisman (1994) and Weisman and Davis (1998) , among others, may be written most succinctly as
‫ץ‬t in which friction and baroclinity are ignored, and
‫ץ‬z wherein k is the vertical unit vector and all the other symbols have meanings as in (3). When (4) and (5) are combined, the explicit terms are
[ ]
‫ץ‬y ‫ץ‬z
We checked the results of (3), which we call the conventional form of the vorticity budget, with (4), which is sometimes called the flux form, but which we call the divergence form of the vorticity budget. Results of the check appear in section 5.
e. Rossby radius of deformation
Calculations of the Rossby radius of deformation, R , were hampered by scant thermodynamical data. One of only two GCIP radiosondes from which data were not lost during penetration of the stratiform region was launched at 1800 UTC from Morris, Oklahoma (B5). From that sounding (not shown) we calculated N in (2) over a depth of 3 km to be 1.05 ϫ 10 Ϫ2 s Ϫ1 , which we used in calculations for the stratiform region at other times. The resultant value of 31.5 m s Ϫ1 for NH is very close to the fixed 30.0 m s Ϫ1 used by Cotton et al. (1989) in their evaluation of changes in R over the lifetime of a composite mesoscale convective complex (MCC), a specific type of large MCS. Although our calculation of R was for a part of the stratiform region, the lower troposphere was subsaturated there, so we used N instead of the N m mentioned in section 1a.
Overview of vorticity in the MCS and MCV
The MCS, which comprised a leading convective line and a trailing stratiform region, formed at 0430 UTC on 1 August 1996 and had completely dissipated by 0315 UTC on 2 August (Knievel and Johnson 2002) . The first sign of an MCV was at 0715 UTC on 1 August, and by 0315 UTC on 2 August the MCV was no longer detectable in radar, satellite, or profiler data. Figure 3 depicts the MCS as it appeared in composite radar summaries. Even in these static schemata, little imagination is needed to envision the vortical flow that defined the MCV and shaped the MCS's stratiform region.
Over the 9 h we examined, 0900 to 1800 UTC on 1 August (which we call the period of detailed analysis), the MCV deepened and strengthened as the MCS matured and dissipated. Eventually the vortex occupied almost the entire troposphere, perhaps even reaching the ground (Knievel and Johnson 2002) .
Positive vorticity in the MCV seemed to originate at about 3 km above mean sea level (AMSL), in a nondivergent layer of weak ascent (Fig. 4) , and from 0900 to 1200 UTC this was approximately the altitude of its average maximum vorticity (Fig. 5a ). Then the top of the vortex and the level of maximum vorticity both ascended between 1200 and 1500 UTC (Fig. 5b) as the vortex strengthened and the stratiform region dominated the MCS, judging from the profile of vertical motion (Houze et al. 1989) . After these ascensions, the altitude of maximum vorticity remained approximately fixed at 6 km AMSL for the remainder of the period of detailed analysis, during which time the vortex's top reached 13 km AMSL (Fig. 5c) .
The long-lived simulated MCV of Zhang and Fritsch (1988) behaved similarly: the height of maximum vorticity varied little for the first 2 h of the MCV's life, rose quickly as the MCV strengthened, then varied little after that. Conversely, Chen and Frank (1993) simulated an MCV whose vorticity maximum descended, not ascended, with time. Few empirical studies recount temporal variations of vorticity within an MCV, but among these few Menard and Fritsch (1989) did find that maximum vorticity ascended with time in the MCV of 6-7 July 1982, which was the MCV simulated by Zhang and Fritsch (1988) .
The MCV of 1 August 1996 was deeper than many MCVs, but not all. The simulated MCVs of Chen and Frank (1993) and Rogers and Fritsch (2001) , respectively, had tops near and above 200 hPa. (In our case, 200 hPa was approximately 12.4 km AMSL.) The observed MCVs of Brandes (1990) and Bousquet and Chong (2000) had tops near 11 km AMSL.
The shallow, weak, negative vorticity above the mature MCV of 1 August 1996 (Fig. 5c ) is the signature of planetary vorticity's effect on divergent outflow from high pressure in the upper troposphere (e.g., Brandes 1990; Johnson and Bartels 1992; Bousquet and Chong 2000) .
A more thorough discussion of divergence and vertical motion within the MCV appeared in our earlier paper (Knievel and Johnson 2002) . Please see it for more detailed commentary on Fig. 5. 
Vorticity budget
According to our application of (3), convergence, tilting, and unresolved effects contributed the most to net changes in the MCV as it matured, and prominent sources and sinks of vorticity existed in both the synoptic and mesoscale components of the wind. (The vorticity, divergence, and vertical motion presented in Fig. 5 may aid in the interpretation of the budget in the following section.)
a. Total wind
In the total wind, there were only two positive sources of vorticity in the lower troposphere at the altitude of the developing MCV between 0900 and 1200 UTC: tilting ( Fig. 6b ) and unresolved effects (Fig. 7) . Because the vortex had already formed by the start of the period of detailed analysis, we could not conclusively determine the source of vorticity in the incipient vortex. Even so, Fig. 6b weakly suggests that tilting may have played the largest role on resolved scales, which would be consistent with the study by Zhang (1992) , whose simulated MCV began primarily from tilting, then in maturity strengthened from convergence.
The MCV of 1 August 1996 grew deeper and stronger between 1200 and 1500 UTC, primarily from convergence of positive absolute vorticity in the middle troposphere (Fig. 6c) . Planetary and relative vorticities contributed almost equally (not shown). If not for divergence of planetary vorticity in the upper troposphere, the tendency due to divergence there at 1500 UTC would have been positive as well, because upper-tropospheric relative vorticity was negative (Fig. 5b) . Indeed, because divergence and relative vorticity were roughly anticorrelated about zero in the middle and upper troposphere (Fig. 5b) , any deep layers of strongly negative tendency due to divergence at those altitudes must have been from divergent wind acting on planetary vorticity, because divergence of negative relative vorticity and convergence of positive relative vorticity cannot produce a negative tendency. Davis and Weisman (1994) alluded to this. At the same time that convergence of absolute vorticity generated relative vorticity in the lower and middle troposphere, the mesoscale updraft advected that vorticity upward (Fig. 6d) . However, positive vertical advection of vorticity was overwhelmed by all the other resolved sinks. In particular, horizontal advection decreased vorticity from the lower through the upper troposphere, which is partly a result of the way vorticity was averaged; as long as the 2Њ ϫ 2Њ area of averaging remained centered on the maximum vorticity in the MCV, any horizontal advection into or VOLUME out of that area would necessarily produce a negative tendency. At 1500 UTC, sources that compose part of the residual appear to have acted in concert with vertical advection above the MCV but at the altitude of the MCV strongly opposed the positive tendency from convergence (Fig. 7) . Convergence of absolute vorticity between 1200 and 1500 UTC was likely aided by the existent MCV. As explained in section 1a, when sources of diabatic heating are larger than the Rossby radius of deformation, R , more energy is retained in balanced, vortical flow near an MCS than is transmitted to the far field by gravity waves and buoyancy rolls (Mapes 1993; Schubert et al. 1980) . The transition to such balanced, vortical flow
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Ϫ5 s Ϫ1 ), and vertical velocity (dotted, in 10 Ϫ2 m s Ϫ1 ) of the total wind at 1000 UTC 1 Aug 1996. Profiles are for a 2Њ ϫ 2Њ area centered on the MCV. Unlike in Fig. 5 , profiles are not for 3-h averages. Data below 1750 m AMSL are not plotted. The levels of 0ЊC in the environment and of the tropopause are marked along the right side.
FIG. 5. Relative vorticity (solid, in 10
Ϫ5 s Ϫ1 ), divergence (dashed, in 10 Ϫ5 s Ϫ1 ), and vertical velocity (dotted, in 10 Ϫ2 m s Ϫ1 ) of the total wind on 1 Aug 1996. Profiles are for a 2Њ ϫ 2Њ area centered on the MCV, averaged over 3 h ending at the times labeled. Data below 1750 m AMSL are not plotted. The levels of 0ЊC in the environment and of the tropopause are marked along the right side of each panel.
involves convergence. On 1 August 1996 that transition was facilitated by the MCV's vorticity, which reduced R . At 0800 UTC, close to the time when a vortical circulation was first visible in loops of composite reflectivity, R was 276 km, which is close to the 280 km calculated by Chen and Frank (1993) and the 300 km calculated by Cotton et al. (1989) for MCS environments. (Calculations of the Rossby radius are explained in section 2e.) By 1200 UTC, R had shrunk to 136 km due to the increase in background vorticity. It stayed close to that value through 1500 UTC, the interval of maximum strengthening of the MCV. The radius of maximum wind we estimated for the MCV over multiple hours is 0.75Њ-1.50Њ latitude (83-167 km). The size of the stratiform region was difficult to measure precisely; the major axis was perhaps 350 km long during the asymmetric stage of the MCS, giving a pseudoradius of 175 km. This is slightly larger than R , so a sizable fraction of the atmosphere's response to heating was retained near the MCS as convergent, vortical flow in the middle troposphere between 1200 and 1500 UTC. Rogers and Fritsch (2001) found a very similar relationship among preexisting vorticity, static stability, local Rossby radius, and vortex spinup in their simulation of a long-lived MCV.
In the MCS of 1 August 1996, tilting was the primary source of the positive, upper-tropospheric vorticity that further deepened the MCV during the final 3 h of the period of detailed analysis (Fig. 6f) . Tilting and convergence were the primary sources of vorticity in the lower troposphere. Some of the strength of the MCV in the middle troposphere was maintained by effects represented by the residual and by convergence of absolute vorticity, because convergence, although weakening, continued from 6.5 to 11.0 km AMSL (Fig. 5c) . Three-dimensional advection was generally a sink of vorticity at 6 km AMSL, the altitude of maximum vorticity in the MCV (Figs. 6e,f) .
A few general properties of the vorticity budget for the total wind deserve mention. In agreement with observations by Chong and Bousquet (1999) and others, tilting and vertical advection of vorticity were very roughly anticorrelated about zero (Figs. 6b,d,f) . Only when this anticorrelation broke down did tilting and vertical advection play large, net roles in the local tendency. The often similar anticorrelation between horizontal advection and divergence of vorticity (e.g., Brandes and Ziegler 1993) was weaker, but still evident at times-in the lower and middle troposphere from 1500 to 1800 UTC, for example (Fig. 6e) . Unresolved effects and observational errors represented by the residual were just as large as those explicitly resolved in the budget (cf. Figs. 6 and 7) , which strongly suggests that regions of persistent convective-scale circulations significantly altered atmospheric vorticity on the mesoscale.
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Much of the empirical research into this upscale communication of vorticity in masses of moist convection has focused on the large-scale effects of clusters of cumuli in the Tropics (e.g., Esbensen et al. 1982; Tollerud and Esbensen 1983; Sui and Yanai 1986) . Figure 7 generally does not resemble profiles of residuals calculated for such tropical cloud clusters, but attempts to explain the lack of resemblance are beyond the scope of this paper.
7. Vorticity tendency due to the residual in the total wind at 1200 UTC (short dashed), 1500 UTC (long dashed), and 1800 UTC (solid) on 1 Aug 1996. Profiles are for a 2Њ ϫ 2Њ area centered on the MCV, averaged over 3 h ending at the times labeled.
FIG. 8. Vorticity tendency due to components of horizontal advection on 1 Aug 1996. Terms are as follows: advection of mesoscale perturbation in vorticity by the mesoscale perturbation in wind (solid) and by the synoptic wind (dashed), and advection of synoptic vorticity by the mesoscale perturbation in wind (dashed-dotted) and by the synoptic wind (dotted). Profiles are for a 2Њ ϫ 2Њ area centered on the MCV, averaged over 3 h ending at the times labeled.
Upscale communication of vorticity has also been the subject of numerical studies. For example, in simulations by Montgomery and Enagonio (1998) , clusters of cumulonimbi embedded within a vortex were able to strengthen a midtropospheric vortex through inward fluxes of angular momentum. The authors used potential vorticity to represent forcing by moist convection. In effect, the existing vortex was cyclonically accelerated because it assimilated positive potential vorticity and expelled negative potential vorticity. Because the magnitudes and distributions of potential vorticity realistically approximated both an MCV (radius of maximum wind was 200 km and midtropospheric tangential velocity was 5 m s Ϫ1 ) and the moist convection near such a vortex, it is reasonable to assume that the results of Montgomery and Enagonio are relevant to MCVs such as that of 1 August 1996.
b. Discrimination between synoptic and mesoscale winds
When terms in the vorticity budget, (3), are itemized according to the synoptic background wind (terms with tildes) and the mesoscale perturbation to that background wind (terms with carets), the budget exemplifies commonly observed-in some cases defining-traits of synoptic and mesoscale motions. First, synoptic and mesoscale horizontal velocities were similarly large (Knievel and Johnson 2002) , so contributions to vorticity from ṽ(ũ, ) and v(û, ) within the budget's terms were similarly large. Second, synoptic vertical velocity, w , was much smaller than mesoscale vertical velocity, ŵ , because synoptic divergence, ١ · ṽ, was much smaller than mesoscale divergence, ١ · v. Accordingly, terms in (3) with w and ١ · ṽ contributed very little to the budget. Third, as long as planetary vorticity, f , is considered part of synoptic vorticity, synoptic and mesoscale vorticities, ϩ f and , were of the same magnitude, and in some terms contributed large values to the budget. Gradients in synoptic vorticity were much smaller than gradients in mesoscale vorticity, though. Finally, shears in synoptic and mesoscale winds were similarly large, so tilting of both ( , ) and ( , ) contributed similarly large values to vorticity tendency. The term-byterm analysis of the vorticity budget in the following sections makes these generalities more meaningful.
1) TENDENCY FROM HORIZONTAL ADVECTION
Nearly all the vorticity tendency from horizontal advection was due to advection of mesoscale vorticity by the synoptic wind (Fig. 8) . The reason horizontal advection of mesoscale vorticity by the mesoscale wind was so small is that, in the predominantly vortical flow of the MCV, the largest component of the mesoscale wind tended to be orthogonal to the gradient of meso-
9. Vorticity tendency due to components of vertical advection on 1 Aug 1996. Terms are as follows: advection of mesoscale perturbation in vorticity by the mesoscale perturbation in wind (solid) and by the synoptic wind (dashed), and advection of synoptic vorticity by the mesoscale perturbation in wind (dashed-dotted) and by the synoptic wind (dotted). Profiles are for a 2Њ ϫ 2Њ area centered on the MCV, averaged over 3 h ending at the times labeled.
FIG. 10. Vorticity tendency due to components of horizontal divergence on 1 Aug 1996. Terms are as follows: divergence of mesoscale perturbation in vorticity by the mesoscale perturbation in wind (solid) and by the synoptic wind (dashed), and divergence of synoptic vorticity by the mesoscale perturbation in wind (dashed-dotted) and by the synoptic wind (dotted). Profiles are for a 2Њ ϫ 2Њ area centered on the MCV, averaged over 3 h ending at the times labeled.
scale vorticity [evident in Fig. 4 of Knievel and Johnson (2002) ], so the dot product in the horizontal advection term was small even though the vectors in the term were large. Gradients of synoptic vorticity were too small to permit much horizontal advection, even though synoptic vorticity was as large as mesoscale vorticity because we included planetary vorticity in the former.
Because larger vertical shears generally lead to shorter-lived MCVs, differential advection seems to be one mechanism that destroys the vortices (Trier et al. 2000) . Figure 8 suggests that such differential advection is mostly by environmental wind, not by wind within the mesoscale circulations of MCSs. In the case of the MCV we studied, this differential advection arose not simply because of the horizontal translation of vertically varying mesoscale vorticity, but also because of vertically varying horizontal synoptic wind. [See Fig. 9 of Knievel and Johnson (2002) for depictions of the synoptic wind.]
2) TENDENCY FROM VERTICAL ADVECTION
Nearly all the vorticity tendency from vertical advection was due to advection of mesoscale vorticity by the mesoscale wind (Fig. 9) . Not surprisingly, the only vertical motions strong enough to contribute much to vertical advection were in the mesoscale field. Synoptic vorticity, while large, did not lead to large vertical advection even by the mesoscale wind because vertical gradients of synoptic vorticity were small.
3) TENDENCY FROM DIVERGENCE
No component in the vorticity tendency from horizontal divergence was negligibly small, although two of the four components were dominant (Fig. 10) . From 1200 to 1500 UTC, when the MCV underwent the greatest deepening and strengthening, vorticity in the MCV
11. Vorticity tendency due to components of tilting on 1 Aug 1996. Terms are as follows: tilting of vertical shear of the mesoscale perturbation in wind by the horizontal gradient of mesoscale perturbation in vertical motion (solid) and by the horizontal gradient of synoptic vertical motion (dashed), and tilting of vertical shear of the synoptic wind by the horizontal gradient of mesoscale perturbation in vertical motion (dashed-dotted) and by the horizontal gradient of synoptic vertical motion (dotted). Profiles are for a 2Њ ϫ 2Њ are centered on the MCV, averaged over 3 h ending at the times labeled.
was generated mostly, and nearly equally, by convergence of mesoscale vorticity and convergence of synoptic vorticity, both by the mesoscale wind. Tendency due to convergence of synoptic vorticity by the synoptic wind was at least a factor of 1/2 smaller than the dominant terms, and tendency due to convergence of mesoscale vorticity by the synoptic wind was slightly smaller yet, especially in the upper troposphere.
It is through convergence that vorticity from shortwave troughs near an MCS would play a role in generating an MCV. The size of a typical shortwave trough would put its vorticity into both the synoptic and mesoscale regimes, as we have approximated them. According to the general conclusions one can draw from Fig. 10 , the primary concentrator of vorticity in shortwave troughs is probably the mesoscale wind.
4) TENDENCY FROM TILTING
Finally, the only two components that contributed appreciably to the vorticity tendency from tilting were tilting of both synoptic and mesoscale vorticity by horizontally varying mesoscale up-and downdrafts (Fig.  11) . Synoptic drafts were too weak, and their horizontal variations too small, to significantly tilt tubes of horizontal vorticity. Tilted horizontal vorticity consistently contained large synoptic as well as mesoscale components. This differs somewhat from the study by Davis and Weisman (1994) , in which they found that tilting of environmental shear was dominant early in a simulated line-end mesoscale vortex within an MCS, but was later exceeded by tilting of perturbation vorticity. However, no one has definitively established that the cyclonic member of a pair of line-end vortices and an MCV of the kind studied herein are precisely the same phenomenon.
Comparison between two forms of the vorticity budget
For the vorticity budget we used the conventional form of the vorticity equation, (1), for two reasons. First, the conventional form has explicit terms for advection, divergence, and tilting, so one can easily grasp the physical processes represented. Second, the great majority of other vorticity budgets for observed MCVs are based on the conventional form (e.g., Johnson and Bartels 1992; Brandes and Ziegler 1993; Keenan and Rutledge 1993; Scott and Rutledge 1995; Chong and Bousquet 1999; Bousquet and Chong 2000) , so it is easy to put our results in a larger context. However, as explained in section 2d, the local tendency in the conventional form of the vorticity equation is very sensitive to the character of spatial derivatives because it is the sum of four large terms that often nearly cancel one another. To assess how much our primary results depend on our choice of vorticity equation, we tested a second budget using the divergence, or the flux, form of the vorticity equation, (4)-(6).
The two methods produced grossly similar resolved tendencies, but with noteworthy differences in the details (Fig. 12) . In the lower 65% of the troposphere, below about 8 km AMSL, the two budgets agree well, although the divergence form tended to produce slightly larger tendencies. In the upper troposphere, the divergence form produced significantly larger tendencies. In a few layers, such as between 8 and 11 km AMSL at 1500 UTC (Fig. 12b) , the two budgets even produced tendencies of opposite sign. However, throughout much of the troposphere, the signs of the vertical derivative of tendency were virtually identical between the budgets, as were the altitudes of local extrema. Many of the most general conclusions one might draw from the VOLUME 60
Resolved part of the local tendency of relative vorticity calculated according to the conventional (dashed) and divergence (solid) forms of the budget. Profiles are at (a) 1200, (b) 1500, and (c) 1800 UTC on 1 Aug 1996 for a 2Њ ϫ 2Њ area centered on the MCV in the middle troposphere; the profiles have not been otherwise averaged or smoothed.
vertical structure of the resolved tendency, if not its actual value at a given altitude, in our case seem to be largely independent of the form of the budget used.
There are at least two reasons for the differences between the resolved tendencies from the divergence and conventional forms of the budget. First, the divergence form of the vorticity equation, (4)-(6), has fewer terms (and fewer derivatives) than the conventional form, (1), so there are fewer calculations. Second, and almost certainly more crucial, the terms in the two budgets are not calculated at an identical set of grid points. Because the divergence form involves a vector with no vertical component, an areally averaged budget is calculated simply by applying (6) at the grid points along the perimeter of the area in question. The divergence form is unaffected by vorticity extrema inside the perimeter. However, the conventional form of the budget is affected by extrema inside the perimeter because terms in the budget are calculated at every grid point, then the results are averaged.
Fortunately, the differences between the divergence and conventional forms of the budget do not call into question the primary results of this study. First, the mesoscale and synoptic components of wind contributed significant vorticity to the MCV of 1 August 1996; the former mainly through convergence, vorticity, and three-dimensional wind; the latter mainly through planetary vorticity and horizontal wind. Second, the two largest net, resolved sources of vorticity were convergence and tilting, the prominence of which varied during the lifetime of the MCV. Mesoscale convergence of mesoscale and synoptic vorticity produced the single biggest increase in the maturing MCV's strength. Most of the tendency due to tilting was from mesoscale up-and downdrafts acting on horizontal synoptic and mesoscale vorticity.
Synthesis
We presented a scale-discriminating vorticity budget of a mesoscale convective vortex (MCV) generated by a mesoscale convective system (MCS). The MCS, which comprised a leading convective line and trailing stratiform region, traversed Kansas and Oklahoma on 1 August 1996 and displayed many of the features in radar reflectivity common to systems that generate MCVs.
Because the MCS matured, decayed, and dissipated in the National Oceanic and Atmospheric Administration (NOAA) Wind Profiler Network (NPN), we were able to analyze sources and sinks of vorticity in the MCV over 9 h on scales between those of semidaily operational rawinsondes and Doppler radars. We used a Barnes bandpass filter to divide observed wind into a component that was predominantly synoptic background wind and a component that was predominantly a mesoscale perturbation to that background wind.
The most important result from the vorticity budget is that both the synoptic background wind and the mesoscale perturbation in wind contributed significant vorticity to the MCV of 1 August 1996. Vorticity tendency from horizontal advection was due almost entirely to advection of mesoscale vorticity by the synoptic wind. Tendency from vertical advection was due almost entirely to advection of mesoscale vorticity by the mesoscale wind. The largest contribution to vorticity ten-
dency from divergence was due to convergence of both synoptic and mesoscale vorticity by the mesoscale wind. Finally, only the horizontal variation of up-and downdrafts in the mesoscale wind contributed appreciably to tilting horizontal vorticity, and this horizontal vorticity was in the vertical shear of both the synoptic wind and the mesoscale wind.
If the MCV of 1 August 1996 is representative, the results herein suggest that completely realistic simulations of MCVs should include planetary vorticity and a plausible, three-dimensionally heterogeneous background wind. However, an observational study such as this does not clearly establish precisely in what ways an MCV is sensitive to heterogeneity in the environment. Studies involving numerical simulations are better suited to that question.
